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Next generation neutrino experiments will push the limits in our understanding of astroparticle
physics in the neutrino sector to energies orders of magnitude higher than the current state-of-
the-art high-energy neutrino experiment, IceCube. These experiments will use neutrinos to tell us
about the most extreme environments in the universe, while simultaneously leveraging these extreme
environments as probes of neutrino properties at the highest energies accessible in the foreseeable
future: E ∼ 109 GeV. At these energies neutrinos are readily absorbed in the Earth. Assuming an
isotropic distribution, by looking at how the flux varies as a function of angle through the Earth,
we show that it is possible to extract the ντ -N cross section with precision at the ∼ 20% level (1σ
assuming Wilks’ theorem) given Nevents ∼ 100 events.
INTRODUCTION
The origins of ultra-high-energy cosmic rays
(UHECRs) have been one of biggest mysteries in
modern astrophysics. Discovering their sources will
provide crucial information on where they are produced
in the universe and how they are accelerated to such
high energy. One way to probe this enigma is to detect
neutrinos coming from the interaction of UHECRs and
photons from the cosmic microwave background. Unlike
UHECRs, neutrinos are not deflected in magnetic fields
and the universe is much more transparent to neutrinos
[1] making them an excellent orthogonal probe to un-
derstand the nature of the extreme sources accelerating
UHECRs.
On the other hand, this guaranteed source of neutri-
nos provides an excellent opportunity to test the Stan-
dard Model (SM) of particle physics and probe the na-
ture of neutrinos at ultra-high energies (UHE) E >∼ 109
GeV; for a recent review of new physics tests at upcom-
ing neutrino experiments see ref. [2]. One key test of
neutrino properties at high energies is to determine if
the neutrino-nucleon cross section behaves as expected.
To date neutrino-nucleon cross sections have only been
measured in laboratory environments up to E ∼ 350 GeV
[3, 4]. Upcoming experiments like FASERν at the LHC
will measure neutrino-nucleon cross sections of all flavors
at E ∼ 103 GeV [5–7]. By measuring the absorption rate
in the Earth, IceCube has determined that the neutrino-
nucleon cross section is compatible with the SM at the
∼ 50% level at 1σ in the 104 GeV <∼ E <∼ 106 GeV range
[8, 9]. These E >∼ 1 TeV sensitivities and measurements
including the result from this paper are shown in fig. 1.
All measurements to date are consistent with the theo-
retical predictions. The theory predictions are quite pre-
cise up to E ∼ 108 GeV at which point the predictions
lose precision due to limitations in extrapolating parton
distribution functions (PDFs) at low Bjorken-x [10–13].
In addition to UHE neutrino experiments, measurements
from the LHC and other current and future laboratory
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FIG. 1. Neutrino-nucleon (red) and antineutrino-nucleon
(blue) cross section for charged-current (CC) interactions in-
cluding PDF uncertainties in gray from [11]. The existing
constraint on the νµ cross section from IceCube is shown in
teal [8]. FASERnu at the LHC is expected to measure the
ν/ν¯ weighted energy-dependent cross section of all three fla-
vors at ∼ 1 TeV with precision of ∼ 10% (a bit better for νµ
and a bit worse for ντ ) [6]. Other laboratory measurements
exist at lower energies. The result of this paper is shown in
purple assuming 100 events measured.
accelerator experiments can improve these PDFs as well.
On the theory side, various new physics scenarios pre-
dict significant increases or decreases to the total cross
section such as large extra dimensions [14], sphalerons
[15], or color glass condensate [16].
Several current and next-generation neutrino experi-
ments have sensitivity to UHE neutrinos at E ∼ 109
GeV. While there is a guaranteed flux of cosmogenic
neutrinos thanks to UHECRs scattering off the cosmic
microwave background [17, 18], there may also be an
additional component from galaxy clusters, pulsars, ac-
tive galactic nuclei, and gamma ray bursts among other
possible accelerators [19–36] that may or may not be an
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2extension of the flux IceCube has measured [37]. The
Antarctic Impulsive Transient Antenna (ANITA) [38],
IceCube [39], and the Pierre Auger Observatory [40] have
already placed constraints on ultra-high-energy neutri-
nos. The proposed/under construction Giant Radio Ar-
ray for Neutrino Detection (GRAND) [41] and the Probe
Of Extreme Multi-Messenger Astrophysics (POEMMA)
[42] have good sensitivity to most of the parameter space
of the expected flux of cosmogenic neutrinos [43, 44]. In
addition to the experiments discussed above there are
several other proposed techniques to detect UHE neutri-
nos including techniques involving active radar or optical
detectors [45–54].
UHE neutrino experiments are dominantly sensitive to
tau neutrinos (ντ ). This unique sensitivity exists because
a UHE ντ will travel through the Earth and then inter-
act with a mean free path near the surface of the Earth
of λ ∼ 1000 km at E ∼ 109 GeV. If the interaction is
neutral-current (NC) it will lose some energy and con-
tinue propagating. If it is charged-current (CC) then a
tau lepton (τ) will be produced. The τ will then lose
energy in matter before decaying. If it decays in matter
the process will continue, albeit at lower energies, since
one of the decay products is always a ντ ; this mechanism
is known as ντ regeneration [55–57]. If the τ escapes the
Earth it will decay in the atmosphere. Most of these de-
cays will result in a large air shower1 which can then be
detected with various different detection technologies.
Alternatively, if one observes an air shower coming up
out of the Earth, it must be due to a ντ propagating in
the Earth which experiences a CC interaction (at least
one) producing a τ which then escapes the Earth and
then decays. There is no other process in the SM that
will lead to such a signature. Thus the Earth provides
a sort of filter to block all cosmic rays and only permits
neutrinos through.
Given the significant absorption rate of UHE neutri-
nos, this leads to a suppression of the flux depending on
the amount of Earth through which the neutrinos tra-
verse. This means that by measuring the angular distri-
bution and comparing with the local topology and the
curvature of the Earth, one can extract the absorption
rate and, given an estimate of the weak charge den-
sity of the Earth in different layers, the neutrino-nucleon
cross section. In addition, if the spectrum continues to
even higher energies, horizontal trajectories where neu-
trinos interact in the atmosphere may become dominant
[58, 59]. We focus on neutrinos interacting in solid matter
only.
In this paper we will use the sensitivity of GRAND and
POEMMA to determine the tau neutrino-nucleon cross
1 A τ decays to a muon and two neutrinos 17% of the time [3]
which will not result in a detectable air shower.
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FIG. 2. A schematic (not to scale) representation of ντ tra-
jectories. First, a ντ passes through a mountain or the Earth
and interacts near the surface producing a τ . The τ then
escapes the Earth and decays hadronically into an extensive
air shower (EAS) which can be measured by GRAND or PO-
EMMA. The angle α denotes the angle between the shower
trajectory and the center of the Earth.
section. First, we discuss our simulation of ντ propa-
gation and the relevant experimental details. We then
present our numerical results. Finally, we discuss some
interesting aspects of the results and plans going forward
and conclude.
TAU NEUTRINO SIMULATION
To handle the ντ propagation in matter including re-
generation effects, we use the publicly available NuTauSim
software [60, 61], see also [62]. For our fiducial cross sec-
tion and tau energy loss models we use the central values
from Connoly, et al. [11] and Abramowicz, et al. [63] re-
spectively. We made several modifications to the code
based on the unique topology of the surface of the Earth
relevant for GRAND as shown schematically in fig. 2.
We consider two experimental configurations, one for
GRAND and one for POEMMA; other UHE neutrino
experiments should have similar sensitivities to the cross
section depending primarily on the statistics achieved.
The UHE neutrino flux is extremely uncertain; the guar-
anteed component from UHECRs varies by about two
orders of magnitude depending on the redshift evolution
of the UHECR sources and the UHECR mass composi-
tion. In addition there may be an additional component
of UHE neutrinos produced at sources that is largely un-
constrained. As a benchmark we assume that an experi-
3ment will observe Nevents = 100 events
2 assuming the SM
cross section. This number is plausible as the expected
event rate in GRAND from the cosmogenic component
alone is 1-18 events per year depending on how optimistic
or pessimistic the UHECR parameters are for the resul-
tant UHE neutrino flux and POEMMA has a comparable
sensitivity [41].
To parameterize deviations from the expected
neutrino-nucleon cross section, we introduce an energy-
independent scale parameter S that rescales the entire
ν −N cross section (CC and NC together) which is the
same approach used in ref. [8],
σ = SσSM . (1)
That is, S = 1 is the SM expectation. When comparing
different values of S, we assume that the flux and detector
exposure are the same, so Nevents changes. In principle
one could also examine the energy dependent cross sec-
tion as well depending on the statistics and the energy
resolution of the detector. While changing the cross sec-
tion is not exactly the same as changing the mean free
path due to ντ regeneration, the effect of regeneration is
small as most of the air showers detected will be from
events that experienced a single interaction.
Both instruments, GRAND and POEMMA will have
good sensitivity to neutrinos above few×107 GeV by
measuring the radio signal (GRAND) or the fluores-
ence and Cherenkov light (POEMMA) from air showers
[64, 65]. Therefore, we have set the minimum τ energy
to 4×107 GeV during propagation in the Earth ensuring
that the resultant shower has energy >∼ few×107 GeV.
GRAND will cover an area of 200,000 km2 with radio
antennae to detect horizontal air showers coming from
either mountain-passing or Earth-skimming ντ events.
Since the exact location for GRAND is still being de-
termined, we approximate the local topography as a de-
tector that is on average 2 km in elevation on the side of
a mountain facing another mountain 10 km away that is
6 km tall and 100 km wide with a density ρ = 2.9 g/cc
[41]. The horizon is then at α = 88.6◦ where the angle α
is defined as 180◦−θz where θz is the zenith angle for the
detector at a height 2 km and for a given neutrino tra-
jectory to the detector. The specific topography would
have to be accounted for once GRAND starts detecting
neutrinos, but this simplified model should demonstrate
the impact of mountains on the cross section sensitivity.
Therefore neutrinos can arrive at GRAND after pass-
ing through 1) the (spherical) Earth, 2) the mountain, 3)
2 We discuss neutrinos detected instead of neutrino flux since the
exact exposures and efficiencies of different experiments are still
being determined and the number of events is the primary param-
eter for determining the precision with which the cross section
can be determined.
both the Earth and the mountain, as well as 4) the Earth,
the air, and then the mountain. While the last two op-
tions represent only a small solid angle, we account for
each of these different paths.
For angular resolution we bin the data in 0.5◦
width bins based on estimates from GRAND. Although
GRAND could potentially reach 0.1◦ resolution, we have
checked that the impact on the cross section sensitivity
is not too large.
POEMMA will orbit the Earth at varying altitudes
ranging from 525 km to 1,000 km. We assume a fixed
altitude of 525 km and angular resolution of 1◦ [42]. Thus
the horizon is at α = 67.5◦. In both cases we model the
Earth density with the preliminary reference earth model
[66] without any water layer which could play a role for
POEMMA [59].
RESULTS
In fig. 3, we show the expected angular distributions
for both GRAND and POEMMA for various cross section
scale factors S. In the case of GRAND, the opposite
mountain considerably increases the number of events.
In addition, given the size of the mountain, it is clear
how the slope of the event rate varies depending on the
cross section providing a powerful tool for determining
the cross section; for large cross sections the slope is quite
steep, while for smaller cross sections the slope is nearly
flat.
Next, as a test statistic, we calculate the χ2 function
between a given cross section and S = 1. In a given
angular bin we have,
χ2(S, αi, β) = 2
[
(1 + β)Ni(S)−Ni(1)
+Ni(1) log
(
Ni(1)
(1 + β)Ni(S)
)]
, (2)
where Ni(S) is the number of events detected in α bin
i, β is the normalization pull term, and for cross section
scaled by S. Then the total χ2 is
χ2(S) = min
β
∑
i
χ2(S, αi, β) . (3)
We take the sum over angles down to 20◦ and 5◦ below
the horizon for GRAND and POEMMA respectively, be-
yond which points the statistics considerably fall off; we
have verified that extending these ranges further does not
affect our results. We include a marginalization over the
normalization β left to freely float since we do not know
the true flux and changing the cross section, to leading
order, appears simply as a change in the total number of
events. This ensures that we are only probing the effect
due to the changing angular distribution which appears
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FIG. 3. The detected angular distribution of the flux for GRAND (left) and POEMMA (right) at E = 109 GeV. The different
curves refer to different cross section scalings with S = 1 being the SM. The horizons, at 88.6◦ and and 67.5◦ for GRAND and
POEMMA respectively, are shown with vertical dashed lines. Detections at GRAND with α > 88.6◦ come from the interactions
which took place in the mountain.
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FIG. 4. Dependence of the cross section uncertainty at ∆χ2 =
1 on the number of events for E = 109 GeV.
at higher order3. The χ2 curves are shown in the ap-
pendix along with a discussion of the impact of fixing
the initial neutrino energy to E = 109 GeV. We find
that at ∆χ2 = 1 GRAND or POEMMA with 100 events
can constrain the neutrino-nucleon cross section to about
20% precision at E ∼ 109 GeV. This maps on to the 1 σ
level if Wilks’ theorem is satisfied, although given the low
statistics per angular bin, a more careful analysis would
be required given real data.
3 In principle one could apply a prior based on the estimated un-
certainty of the cosmogenic flux which would slightly improve
our results, but would not be robust.
Finally, the impact of statistics on the cross section
sensitivity as shown in fig. 4. We see that for a fixed
amount of statistics, each of GRAND and POEMMA
have a comparable level of sensitivity.
DISCUSSION
Throughout this analysis we assumed that the incom-
ing neutrino flux is isotropic. If the flux carries some
structure that correlates with the exposure of the exper-
iments then a possible degeneracy between the cross sec-
tion and the anisotropy could exist, although given the
unique exposure of each experiment, such a degeneracy
is unlikely. It is known that the UHECR flux is quite
isotropic [67–72] and the cosmogenic neutrino flux is ex-
pected to be even more isotropic as it is likely coming
from a broader redshift distribution which would further
weaken any anisotropies present in the UHECR flux due
to local structure. In addition, the neutrino flux mea-
sured by IceCube at 100 TeV <∼ E <∼ 1 PeV does not
correlate with the galaxy [73–75] and if the flux they
have measured continues up to these energies, a Galactic
contribution becomes less likely as the energy increases.
If a UHE neutrino point source is identified with multiple
events, this cross section measurement can still be per-
formed as the point source will appear at a different angle
between the detector and the Earth at different times.
For experiments like IceCube and FASERν (and even
more so for those experiments at lower energies) both
neutrinos and anti-neutrinos need to be considered sep-
arately. At the energies that GRAND and POEMMA
are sensitive to σνN = σν¯N to a good approximation.
This is due to the fact that at high energies protons and
5anti-protons and indistinguishable as the valence quark
contributions become negligible due to Pomeranchuk’s
theorem.
CONCLUSIONS
After the many successes of IceCube including the
measurement of the extragalactic high-energy neutrino
flux up to O(few) PeV, there is now a serious effort
around the globe to develop technology to probe neutrino
physics at the EeV scale. These upcoming experiments
will have a rich physics program including much of the
same astroparticle physics as IceCube is already sensi-
tive to plus the addition of the cosmogenic neutrino flux
and connections to ultra-high-energy cosmic rays. Be-
yond that, these upcoming experiments will be able to
probe neutrino particle physics at the highest energies
probably ever accessible.
In this paper we have highlighted one such example:
the tau neutrino-nucleon cross section at E ∼ 1 EeV.
At these energies the cross section is starting to become
uncertain due to PDF uncertainties and can also provide
a probe of various new physics scenarios. While the flux
is very uncertain, we have estimated the expected level of
precision with which two different experiments, GRAND
and POEMMA, can be expected to constrain the cross
section for various numbers of events. In the scenario
where 100 events are detected, we find that both the
GRAND and POEMMA topological configurations lead
to ∼ 20% precision and the impact of statistics is shown
in fig. 4. In addition, in the event that multiple such
ultra-high-energy neutrino experiments are constructed,
they can perform combined analyses to further enhance
their statistical reach. We hope that this study opens up
the possibility to performing additional particle physics
tests of ultra-high-energy neutrinos. Finally, while the
tau neutrino is generally the poorest measured particle
in the Standard Model, this measurement would change
that such that, at least at ultra-high energies, it would
be better measured than the other two neutrino flavors
due to its unique detection signature.
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Energy Dependence
Throughout the above analysis we assumed that the neutrino flux only contains neutrinos with initial energies of
E = 109 GeV. We now justify this assumption.
First, the cosmogenic flux is expected to peak around E ≈ 108-109 GeV [43] although there could be an additional
component to the UHE neutrino flux that goes to higher energies. Second, GRAND’s sensitivity peaks around
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FIG. 5. The χ2 function as a function of the cross section scaling for different energies assuming that the flux is such that
the experiment measures 100 events for S = 1. The curves were obtained assuming neutrino interactions from the tip of the
mountain up to ≈ 20◦ below the horizon for GRAND while for POEMMA we went ≈ 5◦ below the horizon. We see that the
energy impact depends on the experiment and is slightly asymmetric in S.
E ≈ 108.5-109 GeV [41] and the POEMMA sensitivity is similar or a bit higher [42]. Third, the energy resolution
of the air showers is only modest, at the ∼ 25% level [65]. Fourth, the shower energy is not the same as the initial
neutrino energy: even if a ντ only experiences one interaction in the Earth, the τ will lose energy in the Earth before
escaping. In addition, when it decays, its decay products always include a ντ which carries away some of the energy
invisibly.
Thus estimating the true neutrino energy requires unfolding the true neutrino energy spectrum from the observed
air shower spectrum accounting for the details mentioned above including a parameterization of the true neutrino
flux; there will likely be differences depending on whether only the cosmogenic flux is assumed or if a power low
component is also included. These difficulties, combined with the low to moderate statistics expected, imply that a
single energy bin is a reasonable assumption for the cross section sensitivity.
We then checked the impact of changing the energy of the neutrinos from 109 GeV to various other energies in
fig. 5. We found that the impact on the precision to be quite modest, thus focusing on 109 GeV alone as opposed to
a more realistic spectrum and detector efficiency should have a small impact on the true sensitivity.
